The differential attenuation for upper-mantle paths beneath northern Australia has been estimated using spectral ratio methods, both in a narrow frequency band near 0.6 Hz to obtain stable estimates for subsequent inversion and also over a broad frequency band up to 3-6 Hz to look at the frequency dependence of attenuation.
compressional and shear waves are frequency dependent, because it was found that the attenuation parameter t * for short-period waves was much smaller than estimates from published free-oscillation Q models. The short-period t * values and the free-oscillation Q model could be made consistent with each another by assuming that Q = Q 0 (1 + τ f ), where Q 0 and τ are constants. Ulug & Berckhemer (1984) summarized the range of studies on the frequency dependence of Q up to 1982. For a model with a power-law dependence on frequency, Q( f ) = Q 0 f α , the value of α for the whole Earth is 0.2-0.4 in the frequency range 10 −8 -10 −2 Hz; for the mantle α is 0.15-0.6 in the 0.001-2.0 Hz band; for the crust α is 0.25-1.0 in the 0.025-48 Hz band. Laboratory data suggest α is 0.25-0.3 in the range 10 −4 -30 Hz. Flanagan & Wiens (1998) have summarized recent progress in attempting to quantify the frequency dependence of attenuation in the upper mantle, they also investigated the frequency-dependent Q in the upper mantle beneath the Tonga region by the spectral-ratio method using sS-S and pP-P pairs. Martynov et al. (1999) investigated the high frequency (1.2-30 Hz) attenuation in the crust and upper mantle of the Northern Tien Shan, by using the Pg, Sg and SmS body waves and S coda waves from analysing 243 three-component broad-band digital seismograms of aftershocks from the M s = 7.3 Suusamyr, Kyrgyzstan earthquake. By using a power-law model Q j ( f ) = Q j0 f α j for multiple layers, they found that Q j0 increases with depth from 76 (upper crust) to 1072 (upper mantle), and the value of α j decreases from 0.99 to 0.29 over the same range.
However, because of ray path coverage and/or data limitations, all the previous studies were focused on modelling the frequency dependence of the mean value of Q along a ray path. By exploiting nearly 2000 paths sampling the upper mantle beneath the Australian region, we are able to examine the geographical distribution of the exponent of the frequency dependence of Q without making any prior assumptions concerning the Q distribution.
S P E C T R A L T H E O R Y A N D T * D E F I N I T I O N
In the frequency domain, the amplitude for an isolated body-wave phase A( f ), as a function of frequency f, can be expressed as a product of a source function A 0 ( f ; θ, φ), with a number of transfer functions representing different aspects of the propagation process (Teng 1968) . For the ith phase
in terms of the ray parameter p and azimuth ξ . The various transfer functions can be characterized as: The simplest situation arises when Q can be assumed to be independent of f over some frequency band. We are then able to use a spectral ratio approach to estimate the differential attenuation between P and S waves. For the mantle component we can make a ray theoretical development with a phase delay through the mantle and an attenuation factor (Gudmundsson et al. 1994 )
The phase delay τ i ( p i ) is the ray integral
in terms of the appropriate ray speed v i for the segments of the path. The phase shift ϕ i ( p i ) will be −π/2 for a turning ray but will have a more complex form for a post-critical reflection. The summary attenuation parameter t * i ( p i ) is also a ray integral,
In a stratified medium the ray parameter p i will be a constant along the ray path and the integrals in eqs (3) and (4) will take the form of layer sums. Consider then the spectral ratio between two body-wave phases i and j, which can be represented in the form
The spectral ratio can be recast into a form which isolates the mantle dependence on attenuation,
The phase term C M extracts the path dependence
The remaining frequency-dependent terms are included in
whereas c 2 represents the ratio of those terms that do not depend on frequency,
In our applications we will work with the P and S arrivals and assume a common source time function and instrument response. These assumptions are discussed in detail in the Appendix. The receiver response is expected to be very similar for the two phases so that c 1 will be close to unity and a very weak function of frequency.
When we take the logarithm of the spectral ratio eq. (6) we obtain
and the mantle phase term ln c M ( f ) will be purely imaginary. Thus, if we consider the real part of the log spectral ratio R i j as a function of frequency we have
Hence we are able to extract the differential attenuation δt * sp from the slope of the dependence of the logarithmic spectral ratio on frequency. This is the basis of the analysis made by Gudmundsson et al. (1994) using broad-band records from the Warramunga array in northern Australia.
The situation becomes more complicated when we allow for frequency dependence of attenuation. Consider the case of a power-law relationship between Q and frequency f,
we can now define a frequency-dependent t * ( f ) representing the integrated effect of attenuation along the path:
The presence of intrinsic attenuation induces weak velocity dispersion, but unless Q is very low for an extended depth interval, the influence of this effect is not sufficient to induce significant change in the ray path and so we will neglect this effect. We introduce the term
and can then isolate the frequency dependence of t * ( f ) in the form
where Y ( f ) depends on the ray path. If there is no dependence of the frequency exponent with depth, then Y ( f ) has a simple power-law dependence on frequency.
The analogue of the relation eq. (10) is now
and the real part of the logarithmic spectral ratio R i j satisfies
For P and S waves we anticipate that the majority of attenuation will occur in shear, so that the frequency exponent α(r) will arise from the frequency dependence of the imaginary part of the shear modulus and be the same for both phases. However, the ratio between the P-and S-wave speeds is not constant and so the ray paths taken by the two phases will differ. As a result the frequency dependence of Y P ( f ) and Y S ( f ) for the same source-station pair can differ.
With the simplifying assumption that the frequency dependence is independent of depth, Y i ( f ) = f −α , and then
If we were able to neglect ln c 2 we would have a simple power-law dependence on frequency, which could be extracted from the slope of ln R i j with respect to frequency. We have found that, to a good approximation, the double logarithm of the spectral ratio between the P and the S phase at the same station, ln R S P , is close to linear in frequency. The resulting slope provides an estimate of the average frequency exponent γ of Q along the path from source to receiver. We use the notation γ for this empirically determined quantity, because of the various approximations we have employed. When the frequency dependence of Q does not vary strongly with depth we would expect the quantity γ to be close to the true exponent α.
B R O A D -B A N D D A T A S E L E C T I O N A N D A N A L Y S I S

Station distribution and path coverage
We have used data from a set of portable broad-band deployments across the Australian continent. Most of the data comes from the SKIPPY experiment (van der Hilst et al. 1994 ) during the period 1993-1996, in which groups of 8-12 instruments were used in each time period. Each deployment had an interstation spacing of ∼400 km, and a typical duration of 5 months, which is sufficient to provide good coverage of paths from the strong regional seismicity to the North and east of Australia. The data are supplemented by a separate deployment, KIMBA in 1997-1998, with broad-band instruments in the Kimberley region of northwestern Australia. In all, data are available from over 60 portable stations with nearly 2000 paths sampling the lithosphere and upper mantle beneath northern and eastern Australia. The distribution of events and stations is shown in Fig. 1 .
The frequency content of the seismograms vary significantly with different epicentral distance. For lithospheric paths in the cratons of northern Australia the P and S arrivals have similar high-frequency content with complex codas indicating substantial scattering. However, for most paths beyond 20
• the higher frequencies are reduced for P and almost suppressed for S.
The relative frequency of P and S provides a simple visual classification of paths in terms of the differential attenuation between P and S. We can recognize four broad classes of behaviour: A, similar frequency for both P and S; B, S slightly lower frequency than P; C, S clearly lower frequency than P; D, S low frequency compared with P.
The lithosphere beneath the Pre-Cambrian regions has very high shear wave speed that extends to ∼210 km depth (van der Hilst et al. 1998; Kaiho & Kennett 2000) , with indications of a slight low-velocity zone for shear waves beneath. Paths within the cratonic lithosphere normally fall within class A. The sharp change in frequency content for paths that penetrate into the asthenosphere (classes C and D) indicates the presence of substantially greater attenuation in this zone, as suggested by Gudmundsson et al. (1994) from analysis of arrivals at the Warramunga array. We are able to confirm the widespread presence of this zone of increased attenuation that becomes shallower in the east beneath the Phanerozoic belt where the lithosphere is much thinner (∼100 km thick). Lithospheric paths in the east are commonly class B.
Figs 2 and 3 show examples of the variation of the character of the unfiltered seismograms between the different classes, accompanied by estimates of noise spectra and the spectral ratio between P and S waves out to 4 Hz. For each seismogram the windows used for signal estimation and for the preceding noise are marked for both P and S. The analysis windows cover both the major phases and their surface reflections. Thus the estimates of spectra will include some component from above the source; however, we would expect a common source contribution to all arrivals in the window.
The power spectra are plotted on a logarithmic scale, the original signal estimates are shown with solid diamonds and the noise estimates by grey triangles. The corrected power spectrum after subtraction of the noise estimate is indicated by open diamonds. The right-hand panel displays the logarithmic ratio of the corrected S and P power spectra as a function of frequency.
For class A events, both P and S are rich in high frequencies and the extended codas are evidence of substantial scattering. Such scattered energy will bear the same source imprint as the main phases, so that the spectral ratio approach will yield an estimate of intrinsic Q; the effect of scattering is to redistribute energy in the analysis windows. We see the very similar and nearly flat spectra for both P and S, leading to almost no significant variation in the spectral ratio for this class A event. The spectral behaviour is indicative of very high Q and a negligible frequency dependence.
The class B event ( Fig. 2) shows how the spectral ratio method can be applied even in the presence of significant background noise. The Q values are lower than for class A, so that we can see a distinct trend in the spectral ratio that is close to linear. The frequency exponent is therefore small.
The examples for classes C and D (Fig. 3) , show clearly the influence of larger differential Q between P and S in the appearance of the seismograms and the trends in the spectral estimates. For the class C example, the S signal approaches the level of the 'noise' in the preceding window covering the P coda at around 3 Hz, whereas for the class D event this occurs close to 2 Hz. For low frequencies the trend of the spectral ratios can be approximated by a linear relation to yield a δt * sp value, but distinct curvature is apparent in the spectral ratio by 2 Hz. The loss of signal at higher frequencies for the class D case is readily perceived through the apparent upturn in the spectral ratio. Analysis therefore needs to be restricted to frequencies below 3 Hz.
The coding scheme for spectral content provides a useful crosscheck on quantitative spectral techniques. We have also used the codes in conjunction with epicentral distance information as a guide to the frequency band to be employed for the measurement of the frequency dependence of Q. Typically, measurements would be taken to 5 Hz for class B, 4 Hz for class C and no higher than 3 Hz for class D. 
D I F F E R E N T I A L A T T E N U A T I O N B E T W E E N P A N D S I N T H E U P P E R M A N T L E
Estimation of the differential attenuation δt * sp
The logarithmic spectral ratio between P-and S-wave arrivals for the same event as a function of frequency can be used as a measure of differential attenuation. When there is a significant frequency dependence of Q, there will be curvature of the logarithmic spectral ratio. Then we need to undertake further analysis to try to extract the nature of the frequency dependence. The question 'is Q frequency dependent?' depends on the frequency band employed. A significant bandwidth is required before the influence of a non-zero exponent α in the power-law relation can be determined. For a relatively narrow band of frequencies we obtain a nearly linear relation between ln R i j and frequency f characterized by a δt * value. Curvature associated with non-zero α is only apparent when a broad range of frequencies are considered.
At lower frequencies we find that the behaviour of the logarithmic spectral ratio R S P is close to being linear with frequency so that we may adopt the results for frequency-independent Q, eq. (11), to provide an estimate of δt * sp for a centre frequency near 0.6 Hz. The systematic application of this spectral ratio approach to the estimation of the differential attenuation δt * sp between P and S to the broad-band data recorded at portable stations in Australia, provides measurements along nearly 2000 refracted ray paths, mostly sampling the northern part of the continent. The measurements clearly Figure 3 . Examples of seismograms for class C and D events together with spectral information. Unfiltered three-component seismograms are displayed in the upper panel for each event with the windows used for spectral analysis superimposed. In the lower panel, the power spectra of the P and S waves are displayed; the P waves are taken form the vertical component and the S waves from the horizontal component. The original spectra are shown with solid diamonds and after correction with the noise estimates (grey triangles) are shown with open diamonds. To the right is shown the logarithmic ratio of the corrected S and P spectra as a function of frequency.
delineate major variations in attenuation between the cratonic structures in the centre and west, and the eastern part of Australia, with much stronger attenuation in the east.
Frequency dependence of differential attenuation
We have used the broad-band information for frequencies up to 3.0-6.0 Hz, depending on the character of the records, to look for the frequency dependence of attenuation. As discussed above, we can obtain an estimate of the power-law exponent γ under the simplifying assumption that the exponent does not vary with depth and is the same for both P and S waves (eq. 18). In effect we exploit the curvature of the logarithmic spectral ratio as a function of the frequency. The exponent γ can be estimated from the rate of change of the logarithmic slope of the spectral ratio with the logarithm of frequency. The use of logarithmic frequency means that the dominant influence comes from the values at lower frequencies and, with a reasonable choice of frequency window for the class of arrival, a good estimate can be made for γ . There turns out to be a strong correlation between the estimated exponent γ and the differential attenuation δt * sp . When the differential attenuation is low, the spectral content of P and S waves is similar, and R S P ( f ) is nearly linear in frequency f and so the exponent estimate γ is close to zero. The slope of the logarithmic spectral ratio R S P ( f ) as a function of frequency is found to depart further from linearity as the differential attenuation increases and γ is then non-zero. For the strongest differential attenuation when the frequency content of S is much lower than that for P, the estimated exponent γ deviates noticeably from zero and the logarithmic spectral ratio shows distinct curvature over the frequency range from 0.25 to 2 Hz, although there is often little content for frequencies beyond 3 Hz. Normally γ is not too large and so a linear approximation to the logarithmic ratio is a good representation over the interval below 1 Hz, and this allows a useful estimate for δt * sp . We illustrate the analysis for the different classes of behaviour in Fig. 4 for a path with little attenuation (class A) and Fig. 5 for a path with significant differential attenuation (class C). In each case we show the three-component seismograms with indicators of the windows used for noise estimates and the P, SV and SH windows. The spectra for the P, SV, SH signals are displayed as a function of frequency after subtraction of a noise estimate. In the middle panel we show the logarithmic spectral ratio R S P as a function of frequency for different combinations of data; the S spectrum is obtained by combining the SV and SH information. In the lower panel we plot the variation of log R S P ratio with the logarithm of frequency to assess the exponent γ . The results for the class C event are displayed over the full frequency range for comparison with the class A event, but the full span is not used in the curvature estimates to extract the frequency response (only up to the dashed grey line). For events with codes A or B, we find that the spectral ratio as a function of frequency is close to linear for the frequency band up 5-6 Hz. For the data group A, both δt * sp and γ are small (Fig. 4) . For the data group B, the average δt * sp and γ are smaller than for data groups C and D, but bigger than for group A. The dependence of the logarithmic spectral ratio R S P on frequency is still close to a straight line, but there is a slight departure at higher frequencies.
For events with codes C and D, the logarithmic spectral ratio R S P ( f ) shows clear upward curvature as a function of frequency in the band up to 3 Hz, indicating a clear frequency dependence, with γ being typically greater than 0.3. For data group C, the dependence of the spectral ratio as a function of frequency could usually be approximated by two linear sections (Fig. 5) , with a break point between 1.2 and 2.0 Hz. The centre frequencies of the two sections lie around 0.6-1.2 and 2.5-3.0 Hz. For data group D, most of the events Figure 5 . Differential attenuation analysis for a class C event. (a) Unfiltered three-component seismograms, with the windows used for spectral analysis superimposed. The segments of waveforms corresponding to the main P and S arrivals are shown to the right on a common scale. The P-wave analysis is conducted on the vertical component and the S-wave analysis on the horizontal components. (b) The corrected spectra for P, SV and SH components after subtraction of the noise power. (c) The spectral ratio between S and P: the estimate S/P combines both SV and SH in the full horizontal motion. The linear fit for the δt * sp estimate is indicated. (d) Determination of the frequency exponent γ the linear fit is shown, this estimate is based on frequencies lower than the dashed grey line in panels (b) and (c).
have no significant high-frequency content for S and observations are restricted to lower frequencies.
G E O G R A P H I C A L VA R I A T I O N O F D I F F E R E N T I A L A T T E N U A T I O N δt * sp
A N D T H E F R E Q U E N C Y D E P E N D E N C E O F A T T E N U A T I O N γ
A convenient representation of the geographical distribution of differential attenuation and its frequency dependence is obtained by colour coding the ray paths between source and receiver in terms of the variations of δt * sp or γ , with the line thickness being inversely proportional to the estimated error in the variables. Thus thick lines represent paths for which δt * sp or γ have small errors and thin paths have large errors. In this way poor estimates have little visual impact.
In order to improve the clarity of the results we separate the results into a set of three epicentral distance ranges: 8-20
• , 18-30 • , 28-45
• . The first group would correspond to paths lying within the cratonic lithosphere for central and western Australia, but includes penetration into the asthenosphere in the east. The second group samples from the asthenosphere down through the mantle transition zone into the top of the upper mantle. The third group provides sampling of the upper part of the lower mantle.
Figs 6(a)-(c) summarize the δt * sp estimates from the SKIPPY data set. We see distinct contrasts in δt * sp between eastern and western Australia especially in panels (a) and (b). The marked change in δt * sp for paths to the west and east of the Cape York Peninsula correlates with a sharp change in shear wave speed at depths below 100 km (van der Hilst et al. 1998; Kaiho & Kennett 2000) . There are very clear high-Q paths in northern and western Australia both for short and long paths, but generally low Q paths in eastern Australia and the Coral Sea area. Figs 6(d)-(f) summarize the geographical behaviour of the exponent γ over the full set of path coverage. Smaller values of γ are also normally associated with smaller errors. This suggests that our observations with a weak frequency dependence are more robust than those that indicate a strong frequency dependence. There is a significant geographical variation in γ with a general correlation with δt * sp . Fig. 6(d) shows the γ pattern for paths with relatively short epicentral distances between 8
• -20
• . Therefore, this group of ray paths reflect the features of the frequency dependence of attenuation in the lithosphere and asthenosphere. Many of the sources for this group are from the Sunda Arc passing through the north-west part of the Australian continent to be recorded by SKIPPY stations. The paths covering the north-west part of the Australian continent show γ close to zero, with a small error in γ ; so that the frequency dependence of Q in this area is relatively weak. The turning points of the group of ray paths covering the north-west part of Australian continent usually lie within the thick lithosphere (∼200 km). There are only a few paths with medium γ that penetrate into the asthenosphere beneath the thick lithosphere. Some ray paths in this group come from the New Hebrides Arc and cover the eastern part of Australia and the Coral Sea area; these paths display a mixture of small and Figure 7 . Differential attenuation δt * sp and frequency exponent γ for paths to selected portable stations SA03, SB09, SC06, SD03 in a linear polar projection concerning each site. The differential attenuation δt * sp is indicated by the character of the symbol plotted at the source location, and the frequency exponent γ by the tone for the path. A darker tone indicates a stronger frequency dependence. large γ , depending on whether the path drops into the lithosphere or stays within the 120 km thick lithosphere in this region.
For the epicentral group between 18
• and 30
• (Figs 6b and e) the turning points lie in the asthenosphere or the transition zone in the upper mantle. Many of the events lie in the New Hebrides Arc and Kermadec-Tonga Arc and were recorded by SKIPPY stations with paths that pass through the eastern part of Australia and Coral Sea area. There is a mixture of ray paths with small and large γ . The frequency dependence in those area is more complex and depends on the depth of penetration of the waves.
For the paths penetrating into the lower mantle (Figs 6c and f ) there are substantial variations in both δt * sp and γ from sources in the subduction zones to the north and east of Australia.
Although we have to recognize the limitations in the estimates of the summary exponents γ for the paths, our results indicate that the frequency dependence of attenuation is both significant and shows some distinctive geographical patterns, with a reasonable correlation with the differential attenuation δt * sp . Fig. 7 summarizes the behaviour of the differential attenuation and frequency dependence as seen from a number of stations from the SKIPPY project, in different parts of Australia. Stations SA03, SB09 lie in the eastern phanerozoic belt, but SA03 is close to the Tasman line marking the eastern extent of Pre-Cambrian outcrop. Stations SC06, SD03 lie in the older Pre-Cambrian core of the Australian continent.
For station SA03 in northern Queensland, there is a very clear divide between the paths from events to the northeast with large differential attenuation and those from events to the northwest with lower δt * sp and weaker frequency dependence. The paths from the northwestern sample the high wave speed lithosphere of the craton with low attenuation. Events lying behind the main subduction arc show enhanced δt * sp and larger γ from the passage through the low Q of the backarc region in the Banda Sea. Most paths across the Coral and Tasman seas from the east have both large δt * sp and significant frequency dependence. Station SB09 in southeastern Australia repeats the strongly attenuating characteristics for paths across the Tasman Sea, whereas the solitary path from New Guinea that passes close to the edge of the Pre-Cambrian craton has markedly lower differential attenuation.
For station SC06 most of the paths from the subduction zone events in Indonesia show limited differential attenuation, although there is a hint of a greater frequency dependence for paths from the west with a larger oceanic component. There is a sharp change in character for events from the east of New Guinea, again indicating the presence of a zone of enhanced attenuation with a stronger frequency dependence. For SD03 the events lie at a greater distance and we can see δt * sp increasing for paths to the north once the waves start penetrating into the asthenosphere (beyond 20
• ). By comparison with SC06 the paths from the northeast to SD03 show significantly less attenuation, indicating a base to the zone of low Q.
C O M P A R I S O N W I T H O T H E R E V I D E N C E
The analysis of the curvature of the logarithmic spectral ratio provides direct evidence for the frequency dependence of Q and for the need for this to vary with depth, because of the variation in the estimate of the exponent γ for paths with different levels of penetration into the mantle.
We must recall that the quantity γ is obtained on the simplistic assumption that the power-law exponent is independent of depth. The nature of Y ( f ) (eq. 15) implies that the γ estimate is a weighted average of the exponent on the path with a heavy weighting applied to zones of lower Q. For a lithospheric phase, for which δt * sp is small, we would expect γ to be close to the true exponent. When the propagation path penetrates into the asthenosphere δt * sp increase significantly and γ will be dominated by the asthenospheric component. For deeper penetration the balance becomes more complex and depends on the details of the path and the variation in attenuation in the transition zone and upper mantle.
We are therefore able to use the estimates of γ as a guide to the exponent in the power-law dependence of Q and can make comparisons with other seismological estimates of averaged exponents.
A range of different techniques have been used to look at the frequency dependence of Q in the upper mantle and these indicate that available data can be well represented via a power-law frequency dependence, though an alternative representation through an absorption band model can also provide a satisfactory fit (Warren & Shearer 2000) . Sipkin & Jordan (1979) investigated the frequency dependence of Q ScS using data from HGLP instruments at KIP and MAT and WWSSN, LP and SP instruments at KIP and GUA. They found that the Q ScS can be described by a power-law relation Q ScS ∝ f α with α = 0.35 in the frequency range 0.01-2 Hz. Der et al. (1982) investigated the regional variations and frequency dependence of anelastic attenuation in the mantle under the United States in the 0.5-4 Hz band. They found a large variation in the attenuative properties of the upper mantle under the United States. Their data indicate that attenuation is greatest under the southwestern United States and the lowest attenuation prevails under the north central shield regions. They have found that the Q is frequency dependent and doubles in value somewhere in the range 0.01-2 Hz. They also indicated that the form of the frequency dependence may change from region to region, and the depth distribution of Q may be different at various frequencies. Ulug & Berckhemer (1984) investigated the frequency dependence of the attenuation of P and S waves using 17 earthquakes in the 40
• -90
• range recorded at CSO, Germany and compared their results with previous investigations. They found their results to be in good agreement with Sipkin & Jordan (1979) . Their Q model can be best represented by a power-law absorption band model (cf. Anderson & Given 1982) : Q( f ) = Q 0 f α with an exponent 0.25 < α < 0.4 and a cut-off relaxation time 0.2 < τ < 0.5 s. Flanagan & Wiens (1998) investigated the frequency-dependent Q in the upper mantle beneath the Tonga region by a spectral-ratio method using sS-S and pP-P pairs. The spectral ratio between sS-S and pP-P pairs allow them to observe the compressive wave attenuation Q α and shear wave attenuation Q β independently. Their observations suggest a substantial frequency dependence of Q in the Tongan upper mantle beginning at frequencies below 1.0 Hz and consistent with the power-law form: Q( f ) = Q 0 f α with α between −0.1 and −0.3. By using the Pg, Sg and SmS body waves and S coda waves from 243 three-component broad-band digital seismograms of aftershocks from the M s = 7.3 Suusamyr, Kyrgyzstan earthquake, Martynov et al. (1999) investigated the high-frequency (1.2-30 Hz) attenuation in the crust and upper mantle of the Northern Tien Shan. By taking the power-law model Q j ( f ) = Q j0 f α j for multiple layers, they found that Q j0 increases with depth from 76 (upper crust) to 1072 (upper mantle), and the value of α j decreases from 0.99 to 0.29 over the same range. It appears that α increases with depth. The Q coda results also demonstrated an azimuthal dependence.
Our observation of the frequency dependence of P and S waves in the upper mantle under Australia fit well with the other results. For many of the 2000 paths we have analysed we need to allow for frequency dependence and estimate a power-law exponent γ of between 0.2 and 1.0 for the frequency range 0-6 Hz, with a stronger frequency variation for paths penetrating into the asthenosphere. The frequency dependence depends on both depth and the geometry of the path, indicating the presence of 3-D variations in attenuation properties.
C O N C L U S I O N S
The dense set of observations of body waves turning in the upper mantle that have been exploited previously in studying the velocity distribution (Kaiho & Kennett 2000) provide a good coverage for studying attenuation, particularly under northern Australia. Over a narrow band in frequency Q can be treated as being nearly frequency independent and then the slope of the logarithm of the spectral ratio is directly related to the difference in attenuation between P and S in the passage from source to receiver. The broad-band seismic observations also allow the examination of a wider frequency range (up to 6.0 Hz) to look for a frequency dependence in the attenuation. With the assumption of a simple power-law dependence of frequency, Q = Q 0 f α , the spectral ratio information can again be used and an estimate of the exponent γ can be extracted from the rate of change of the logarithmic slope of the spectral ratio with frequency. There turns out to be a strong correlation between γ and the differential attenuation δt * sp . The estimates of differential attenuation properties are for intrinsic Q. For shorter paths within the lithosphere there is substantial evidence for scattering of P and S waves, but we have not attempted to characterize this scattered component. However, it should be noted that the slow decay of the envelope of the codas (see Fig. 2 ) is consistent with the high Q determined from the spectral ratio technique.
When the differential attenuation is low, the spectral content of P and S waves are similar, and the exponent estimate γ is close to zero. The slope of the logarithmic spectral ratio departs further from linearity as the differential attenuation increases and γ departs from zero. For the strongest differential attenuation where the frequency content of S is much lower than that for P, γ deviates noticeably from zero and the logarithmic spectral ratio shows distinct curvature over the frequency range from 0.25 to 2-3 Hz, although there is often little high-frequency content. Normally γ is not too large and so a linear approximation to the logarithmic ratio is a good representation over the interval below 1 Hz.
There is significant spatial variation in γ . The ray paths covering the north-west part of Australian continent show γ close to zero with small errors; so that the frequency dependence of Q in this area is relatively weak. An increased frequency dependence and greater differential attenuation is encountered for paths entering into the asthenosphere. In the eastern part of Australia and the Coral Sea area, there is a mixture of paths with small and larger γ so that the frequency dependence is more complex and depends strongly on the depth of penetration of the waves.
This survey shows that we need to take into account 3-D variation in both differential attenuation and the frequency dependence of Q. In order to develop 3-D models we need to undertake inversion for Q models with an allowance for variations in seismic velocity structure, this will be addressed in a further paper (Cheng & Kennett 2002) .
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A P P E N D I X A : A S S U M P T I O N S I N D I F F E R E N T I A L A T T E N U A T I O N A N A L Y S I S
The use of the spectral ratio method for differential attenuation measurement depends on a number of assumptions concerning the nature of the source and conditions at the receiver.
A1 Source spectra for P and S waves
In our treatment we have assumed that the source spectra are the same for P and S waves over the frequency band of interest. This is a reasonable assumption for smaller sources but may run into difficulties if the source size is such that there are significant differences in the corner frequencies of P and S waves.
The same approximation was made by Gudmundsson et al. (1994) and they provide a careful discussion of the likely sources of error that might be introduced. The estimate of the influence associated with a higher corner frequency for P waves than S waves is to enhance the apparent δt * sp by ∼0.15, which is comparable with the estimates for distances out to 18
• . Subtraction of this quantity from our estimates of δt * sp would imply nearly infinite Q in the lithosphere; we concur with Gudmundsson et al. (1994) that this is unlikely. The class A events have extended P and S codas, indicating both strong scattering and relatively low loss but certainly not near infinite Q. The effect of scattering will be to shift some energy outside the analysis window, but also to homogenize the nature of the waveform by the superposition of many arrivals. Our measurements from the spectral ratio will not be affected significantly by scattering.
The spectra for the P and S windows show similar character superimposed on somewhat different trends (see e.g. Fig. 5 ) and this is further evidence for a common spectral content imparted by the source.
A2 Instrumental response and crustal transfer functions for P and S waves
The calculation of the crustal transfer function, the ratio of surface motion and wave motion at the base of crust, A C R(ω), and the instrumental response, A INS (ω), are discussed by Teng & Ben-Menahem (1965) . These are known factors, when the crustal structure at the recording site, the phase velocity of the concerned signal and the instrumental characters are given.
Furthermore, the crustal transfer function, has been calculated for many crustal structure and angles of incidence i by various authors. Kanamori (1967) has shown that, for example, for a fourlayer crust and steep incidence (i = 10
• -20 • ), the ratio of vertical surface motion and P-wave amplitude in the frequency range 0-1 Hz assumes a roughly constant average level of 2.5 with variations of ±20 per cent, and a similar value for the ratio of the horizontal ground motion and SV amplitude. Leblanc (1967) has shown that the average of 20 transfer functions of different crustal models varies in the range 0.4 < f < 1.6 Hz by less than ±1 dB approximately a frequency-independent mean value. This is considered to be sufficient justification to approximate A 
A3 Frequency dependence of attenuation for P and S
The dominant mechanism for intrinsic seismic attenuation is loss in shear, since the intrinsic Q in compression is very high. Consequently, the attenuation of both P and S will be controlled by the imaginary part of the shear modulus as a function of frequency.
We would therefore expect that the frequency dependence would be the same for P and S waves. Ulug & Berckhemer (1984) estimated the power-law exponent α for P and S waves independently. However, they found that the values of α are the same for P and S waves, but vary with the paths of particular earthquakes.
There is further evidence that the frequency dependence of attenuation for P and S waves is the same. Flanagan & Wiens (1998) estimated the exponent α in the upper mantle beneath the Tonga region by the using spectral ratio from sS-S and pP-P pairs for compressive wave attenuation Q α and shear wave attenuation Q β independently. They found that the frequency dependence of compressive wave attenuation Q α and shear wave attenuation Q β in the upper mantle take the same power-law form: Q( f ) = Q 0 f α with α between −0.1 and −0.3, beginning at frequencies of less than 1.0 Hz.
